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Title 

Nanoscale Products 

Tecbnical Field 

5 This invention concerns nanoscale jsroducts, such as electronic devices 

&bricated to nanometer accuracy. It also concerns atomic scale products and where we 
use the term nanoscale we intend nanoscale and atomic scale products. Such products 
could be intermediate products in the fiabrication of a quantum computer, but could 
have many other uses. In further aspects the invention concerns methods of fiibricating 

10 such products. It also concerns a quantum computer. 

Background Art ^ 

The Kane proposal*^ for a silicon-based quantum computer uses the nuclear spin 
of phosphorus nuclei (I = VS) as the qubits embedded in isotopically pure ^^Si (I = 0). 
At low temperatures the donor electron remains bound to the P nucleus and surface *' A" 

15 gates coiitrol the hyperfine intmction between nuclear and electron spins> enaWing 
polarization of the two. The two P donors need to be --20 nm apart to allow the adjacrat 
donor electron wavefimctions to ov^lap. Coupling.between adjacent donor electrons is 
achieved using separate surface "J" gates, mabling an electron mediated interaction 
between qubits. Fig, 1(a) shows this proposed structure. 

20 A number of patent apphcations and pap^ are relevant to the building of such a 

device, and these are cited below: 

^Kane, B. E. A silicon-based nuclear spin quantum conqsuter. Nature 393, 133 (1998). 
^Kane, B. E. Patent AppUcation PCT/AU98/00778. 
25 ^Vrijen, R., Yablonovitch, L., Kang Wang, Hong Wen Jiang, Balandm, A., 
Roychowdhury, V., Mor, T., DiVincenzo, D. Electron-spin-resonance transistors for 
quantum computing in silicon-germanium heterostructures. Phys, Rev. A 62, 012306/1- 
10 (2000). 

^wartzentruber, B.S,, Mo, Y.W,, Webb, M,B. & Lagally, M.G. Scanning tumieling 
30* microscopy studies of structural disorder and steps on Si surfeces. Vac. Set Tech. A 
7, 2901 (1989), 

^Hata, K., Kimura, T,, Ozawa, S. and Miyamoto, N. How to febricate a defisct ftee 
surface. J. Vac. Sci. Technol A 18, 1933 (20(K)). 

^ata, K., Yasuda, S. and Shigekawa, H, Reintapretation of the scanning tunneling 
35 microscopy images of the Si(100)2xl dimers. Phys. Rev. B. 60, 8164 (1999). 



3 



'Oura, K„ Lifehits, V.G., Saranin, AA., Zotov, A.V. & Katayama, M. Hydrogen 
interaction with clean and modified silicon surfaces. Swf. Sci. Rep. 35, 1 (1999). 
'Feenstra, R. M. Surf. Sci. 299-300, 965 (1994). 

tamers, R. J., Avouris, Ph. & Bozso, F. Lnagmg of chemical-bond formation with the 
5 scanning tunneling nuCTOSCope. NH3 dissociation on Si(001) Phys. Rev. Lett. 59, 2071 
(1987;. 

^''Thirstrup, C, private communication 

"Wang, Y., Bronikowski, M.J. & Hamers, R,J. An atonaically-resolved STM study of 
the interaction of phosphine (PH3) with the silicon (001) sur&ce. /. Phys. Ckem. 98, 
10 5966(1994). 

^^Hill, E., Freelon, B., Ganz, E. DifiRision of hydrogen on the Si(001) surface 
investigated by STM atom tracking. Phys. Rev. B 60, 15896 (1999). 
"Lin, D.S„ Ku, T.S., and Chen, R.P. Interaction of phosphme with Si(lOO) from core- 
level photoemission and real-time scanning tunneling microscopy Phys. Rev. B 61, 
15 2799(2000). 

'"^Lin, D.S., Ku, T.S., and Sheu, TJ. Thermal reactions of phosphine with Si(100): a 
combined photoemission and scaiming-tunneling-microscopy study. Sutf. Sci. 424, 7 

(1999) . 

"^Wang, Y., Chen, X. and Hamers, R, J., Atomic-resolution study of overlayer 
20 formation and interfacial mixing in the intmction of phosphorus with Si(001) Phys. 
i?ev.5 50,4534 (1994). 

*^Zhi-Heng Loh, iCang, H,C. Chemisoiption of NH, on Si(100)2xl: A study by first- 
principles ab initio and density frinctional theory. J. Chem. Phys. 112, 2444-2451 

(2000) . 

25 ^^orthnq), J.E. Theoretical studies of arsine adsorption on Si(100). Phys. Rev. B SI, 
2218-2222(1995). 

'^L. Oberbeck, T. Hallam, NJ. Curson, M.Y. Simmons and R.G. Clark, 
investigation of epitaxial Si growth for the fabrication of a Si-based quantum 
computer", AppL Surf. Sci. 212-213, 319 (2002). 

30 

To date there have been no STM studies of the incorporation of single 
phosphorus atoms from a dopant source such as phosphine into silicon. 

This invention demonstrates, for the first time, achievement of a number of the 
intermediate products and steps necessary to produce a silicon based atomic-scale 
35 device such as a quantum computer in line with the Kane proposal. 
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Summary of the Inventioii 

In a first aspect ttie invention is a hianoscale product, being an intermediate 
product of a process for fabricating an atomic scale device such as a quantum computer, 
the nanoscale product comprising:' 
5 a silicon crystal, where donor atoms are substituted for silicon atoms in the 

sur&ce to form an array of donor atoms spaced apart from each other by 100 nm or 
less, and where the donor atoms are electrically active; 

where a hydrogen resist layer has been removed either, 
by annealing at - 530°C for less than 10 seconds, and preferably for 5 seconds, 
10 or, 

by using the STM tip, preferably with +4V, 3nA tmmelling conditions. 
• The following Best Modes of the Invention demonstrate the production of such a 
structure for the first time. 

The silicon sur&ce may be the (100)-ori6nted sur&ce having a 2x1 unit cell 
15 sur&ce structure with rows of a-bonded silicon dimm. In this case the donor atoms 
replace silicon atoms in the surface to fomi donor-silicon hetero-dimers. 

The donor may be phosphorus and the phosphorus atoms may be placed with 
greater precision, such as SO rtm or 20 nm apart. 

20 In a second aspect the invention is a nanoscale product, being an intermediate 

product of a process for fabricating an atomic scale device such as a quantum computer, 
the nanoscale product comprising: 

a silicon crystal encapsulating a layer of donor atoms substituted for silicon 
atoms in the crystal, where substantially all the donor atoms are electrically active; 
25 where a hydrogen resist layer has been removed either, 

by annealing at - 530*^0 for less than 10 seconds, and preferably for 5 seconds, 
or, 

by using the STM tip, preferably with +4V, 3nA tunnelling conditions. 
The encapsulating layers may be epitaxially grown over the layer of doi^or 
30 atoms. The encapsulating layers may be between 5 and SO nm thick. 

The silicon surface may be (100>oriented, where the donor atoms replace 
silicon atoms to form donor-silicon heterodim^. 

The donors may be Phosphorus and they may be placed in an array. 

35 According to a third aspect, the invention is a method of fabricating a nanoscale 

or atomic scale product as defined above, comprising the following steps: 
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(a) Preparing a clean silicon crystal surface. 

(b) Passivating ttie sample surface with atomic hydrogen. 

(c) Selectively desorbing single H atoms from fhe passivated surface using a - 
Scanning Tunnelling Microscope (STM) tip to form a pattrai of exposed areas in the 

5 hydrogen layer, where tiie areas are spaced from eadi other by 100 nm or less. 

(d) ETqposing the patterned surface to donor molecules to produce an array of 
single donor atom bearing molecules in the exposed areas. 

(e) Annealing the arrayed surface at between about 300^C and about 650^C to 
• incorporate electrically active donor atoms into the silicon. 

10 (f) Annealing at SSC^C for less than 1 0 seconds, and preferably for 5 seconds, 

or, 

using the STM tip, preferably with 44V, 3nA tunnelling conditions. 
The following Best Modes of the Invention demonstrate the performance of this 
method for the first time. 
15 The silicon surface may be (100)-oriented having a 2x1 unit cell surfece 

structure with rows of a-bonded silicon dimers. In this case the donor atoms r^lace 
silicon atoms in the surface to form donor-silicon heterodimers.. 

The donor may be phosphorus and the phosphorus atoms may be placed with 
greater precision, such as 50 nm or 20 nm apart. 
20 In one embodiment, steps (e) and (f) may be combined. 

Accordmg to a fourth aspect, the invention is a method of fibricating a 
nanoscale or atomic scale product as defined above, comprising the following steps: 
(a) Preparing a clean silicon crystal surfece. 
25 (b) Passivating flie sample surface with atomic hydrogen. 

(c) Inserting donor atoms into tiie silicon at lithogn^hically defined areas where 
flie hydrogen was desorbed using an STM tip; 

(d) Annealing at - 530°C for less than 10 seconds, and preferably for 5 seconds, 
or, 

30 using the STM tip, preferably with +4V, 3nA tmmellmg conditions. 

(e) Growing silicon over the surfece, at between about 0°C and 400**C to prevmt 
difiEusion of the donor atoms and to encapsulate electrically active donor atoms in the 
surfece. 

In the following Best Modes of the Ihvmtion we demonstrate ibis me&od. 
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The silicon surface may be (100).oriented having a 2x1 unit cell surface 
structure with rows of a-bonded silicon dimers. In this case the donor atoms replace 
silicon atoms in the sur&ce to form donors-silicon heteiodimers* - 

The donor may be phosphorus and the phosphorus atoms , may be place with 
5 selected precision, such as 100 nm, SO nm or 20 nm ^art 

According to a fifth aspect, the invration is a method of &bricating a nanoscale 
or atomic scale product as defined above, comprising the following steps: 

(a) Prq)aring a clean silicon crystal surface. 
10 (b) Exposing the surface to donor molecxiles such that the donor molecules 

adsorb over the silicon surface. 

(c) Annealing the arrayed surface at between about 300®C and about 650°C to 
incorporate electrically active donor atoms into the silicon. 

(d) Annealing at - 530'C for less than 10 seconds, and preferably for 5 seconds, 
15 or, 

using flie STM tip, preferably with +4V, 3nA tunnelling conditions. 

(e) Using an STM to view donor atoms on the surface to confirm that the donor 
atoms are in a substitutional lattice site in the silicon, and are therefore electrically 
active. 

. 20 The following Best Modes of flie Invention demonstrate the use of this method 

for the first time. 

The method may include the further step of: (f) Growing silicon over the 
sur&ce, at between about 0**C and 400**C, between about O^C and 250**C or at room 
tempCTatures to prevent difiusion of the donor atoms, to CT-os^sulate electrically active 
25 donor atoms in the surface* 

The method may include die further step of: (g) Thermally ann^jiHiig the 
surface so that it becomes atomically smooth. 

The silicon surface may be (100)-oriented having a 2x1 unit cell surfece 
structure with rows of a-bonded silicon dimers. In this case the donor atoms replace 
30 silicon atoms in the sur&ce to fomi donor-silicon heterodim^. 

The donor may be phosphorus and the phosphorus atoms may be placed with 
selected precision, such as 100 nm, SO nm or 20 nm apart 

In one embodiment, steps (c) and (d) may be combined. 

36 According to a sixth aspect, the invention is a method of fiibricating a nanoscale 

or atomic scale product as defined above, comprising the following steps: 
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(a) Preparing a clean silicon crystal surface. 

(b) Exposing the sur&ce to donor molecoiles such that the donor molecules 
adsoib over the silicon surface to form a doped layer. 

(c) Annealing the surface at befweoi about 300^C and about 650**C to 
5 incorporate electrically active donor atoms into the silicon. 

(d) Annealing at - 530*'C for less than 10 seconds, and preferably for 5 seconds, 
or, 

using the STM tip, pref^ably with +4V, 3nA tunnelling conditions. 

(e) Growing silicon over the surface, at between about 0*^C and 400^C to prevent 
10 diffusion of the donor atoms, and to. encapsulate electrically active donor atoms in the 

surface, 

(f) Measuring &e electrical activity of the doped layer. 

The following Best Modes of flie Invention dmionstrate the use of Uns mefiiod 
for the first time. 

16 The silicon growth may take place at between about 0®C and 250*^0 or at room 

temperature to prevent difiusion of the donor atonis, to encapsulate electrically active 
donor atoms in the surface. 

The silicon surface may be (100)-oriented having a 2x1 unit cell surface 
structure with rows of a-bonded silicon dimers. In this case the donor atoms replace 
20 silicon atoms in the surface to form donor-silicon heterodimers. 

The donor may be phosphorus and the phosphorus atoms may be placed with 
selected precision, such as 100 nm, SO nm or 20 nm apart 

In one onbodiment, steps (c) and (d) may be combined. 

25 According to a seventh aspect, the invention is a method of ftbricating a 

nanoscale or atonic scale product as defined above, comprising the following steps: 

(a) Fabrication of registration markers; 

(b) Preparing a clean silicon crystal surface; 

(c) Passivating the san:q>le sur&ce with atomic hydrogen; 

30 (d) Inserting donor atoms into the silicon at lithographically defined areas where 

the hydrogen was desorbed using an STM tip; 

(e) Annealing at 530^C for less than 10 seconds, and preferably for 5 seconds, 
or, 

using flie STM tip, preferably with +4V, 3nA tunnelling conditions to desoxb 
35 hydrogen firom the silicon surfiMse. 
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Growing silicon over the surface, at between about 0°C and 400°C to prevent 
difiRision of the donor atoms and to encapsulate electrically active donor atoms in the 
surfBtce, 

Fabtication of metallic sur&ce contacts using the registration markers to contact 
5 the buried nanoscale or atomic-scale device. * 

Hie method may include the additional step of measuring the electrical 
prop^es of the device. 

In the following Best Modes of the Invention we demonstrate this method. 

The silicon surface may be (100)-oriented having a 2x1 unit cell surface 
10 structure with rows of a-bonded silicon dimers. In this case the donor atoms replace 
silicon atoms in the surface to form donor-silicon heterodimers. 

The donor may be phosphorus and the phosphorus atoms may be place with 
selected precision; such as 100 mn, SO nm or 20 nm apart 

15 The registration markers may be produced by: 

(i) Wet-chemical etching of the silicon sample in lithogr^faically structured 
areas of the sample surface. 

. . (ii) Reactive ion etching (RIE) of the silicon sample in lithographically 
structured areas of the sample surface. 
20 (iii) Focused ion beam (FIB) milling of the silicon sample surface. 

(iv) Deposition of thin metal layers on the silicon sanqple sur&ce in 
lithographically structured areas. 

The registration markers may have a size between several nm and tens of ^m. 
The registration markers may have a depth or height between several nm.and several 
25 |xm. 

The clean silicon sur&ce may be produced in an ultra-Mgih-vacuum environment 

by: 

(i) outgassing for 6 hours at - 600**C by indirect heating. 

(ii) flashing the samples to 1200°C for ^^1 minute by passing a DC curr^t 
30 directly through Hie sample. 

(iii) reducing the sanople tenq)erature to ^ 9S0**C and then cooling slowly from 
~950X to room temperature. 

The surface may be passivated with atomic hydrogen in the same ultra-high- 
vacuum environment, the dose rate being controlled by monitoring the total pressure of 
35 the vacuum system to achieve hydrog^ tomination of the sur&ce, being a mono layer 



9 



of hydrogen with one hydrogen atom bonded to each silicon atom (mono-hydride 
dimer). 

The H atoms may be selectively desorbed from fhe passivated suifaice using an 
STM tip in the same xiltm-high^vacuum environment, by iq^plying pulses of both hig^ 
5 voltage and tunnelling current to fhe tip for a short time period of flie order 1 ms, to 
form a pattern in the hydrogen layer. 

The surface may be exposed to donor molecules in the same ultra-high-vacuum 
environment^ such that the donor molecules bond to the exposed pattern in the siirface* 
The donor molecules may be phosphine (PH3) to deliver donor atoms of 
10 phosphorus, P. 

Spedfically these processes xnay form part of a process for producing an atomic 
array of phosphorus atoms in silicon with the controlled separation for a silicon based 
quantum compute: Such a solid-state quantum computer may use eitber flie electron 
spm^ or nuclear spin of phosphorus nuclei Q « .VS) as the qubits embedded in 
16 isotopically pure ^Si (I - 0). 

In an eighth aspect the invention is a quantum computer fiibricated according to 
any one of the methods defined above, 

20 BriefDesciiptlon of tihe Drawings 

Aspects and examples of the invention will now be described with reference to 
the following accompanying drawings, in which: 

Fig.l(a) is a sdiematic diagram of the Kane proposal for a silicon based 
quantum computer. 

25 Fig. 2a(a) to (e) and 2b(f) to (k) are a series of eleven steps according to the 

invention for the fabrication of a nanoscale product. 

Fig, 3(a) and (b) are an STM image and a schematic diagram showing a 
oystalline silicon(100) 2x1 surface. 

Fig. 4(a) to (e) are an STM image, schematic diagrams and scanning tunnelling 
30 * spectroscopy results. 

Fig. 5(a) to (e) are STM images, schematic diagrams and line proffles showing 
two dangling bonds arranged along a dimer row on a crystalline silicon surfece before 
phosphine dosing and adsorbed PH3/PH2 molecules after phosphine dosing. 

Fig. 6(a) to (f) are STM images, sdiematic diagran:is and line profile showing 
35 dangling bonds arranged across a dimer row on a crystalline silicon surface before 
phosphine dosing and adsorbed PH3/PH2 molecules after phosphine dosing. 
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Fig. 7(a) to (e) are STM images of a silicon. (100) surface showing a number of 
djsfects. 

Fig. 8(a) and (b) are STM images of a silicon (100) surface before and after 
. phosphine dosing. 

5 Fig, 9(a) to (e) are STM images of a silicon (100) surfece after phosphine 

dosing. 

Fig. 10(a) to (i) are a series of STM images and schematic diagrams showing a 
silicon surface after the phosphine dosing and the eflBect of heating that surface. 

Fig. 1 1(a) to (f) are a series of diagrams, STM images and line profiles showing 
10 phosphine molecules on the surface of a silicon lattice and incorporated into it. 

Fig, 12(a) to (c) are a series of STM images of the silicon surface aft©: moderate 
phosphiae doses and heating and Auger electron spectroscopy results showing a silicon 
siirfoce after saturation phosphine dosing and heating. 

Fig, 13(a) shows an STM image of a hydrogen terminated siUcon surface having 
15 a patch where hydrogen has been desorbed; (b) to (d) show a patch after annealing to 
350°C. 

Fig. 1 4(a) to (h) are a series of STM images and a line profile showing the effect 
of phosphine dosing and annealing to incotporate phosphorous atoms into a silicon 
lattice, along a lithographically produced line. 
20 Fig- 14A(a) to (d) are a series of filled state STM images of a hydrogen 

terminated surface following annealing at different temperatures' and for difiG^rent time 
periods. 

Fig. 14B(a) to (c) are a series of STM imag^ showing deposited phosphine (a), 
annealmg at SSO^'C for 10 seconds (b), and a detail at (c). 

25 Fig, 14C is an STM image showing a hydrog^ terminated sur&ce after 

desoiption with an STM tip. 

Fig. 14D(a) and (b) are STM images showing two danglixig bonds exposed in 
the hydrogen terminated surface using STM lithography (a), and the same surface after 
phosphine dose, annealing and removal of the hydrogen resist with an STM tip (b). 

30 Fig. lS(a) to (d) are a series of STM images showing the effect of growmg 

silicon at different tempmtures. Fig. 15(e) to (h) are a series of STM images showing 
the silicon sur&ce after growth at room temperature and nTinealmg at different 
temperatures; Fig. 15(i), (j) and (k) are a series of schematic diagrams explaining the 
different temperature dependent growth modes. 
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Fig, 16(a) to (e) are a series of schematic diagrams and STM images showing 
the silicon sur&ce before and after growth at 2S0°C and subsequent , annealing at 
various temperatures. 

Figs. 17(a) to (e) are a saies of diagrams and STM images showing the silicon 
5 surface before and affer silicon growfli at 256°C on a hydrogen passivated surface and 
subsequent annealing steps. 

. Fig. 18(a) is a graph showing the silicon surface roughness after annealing at 
different temperatures for growth on a clean -and on a hydrogen terminated surface; and 
Fig, 18(b) is a graph showing the defect density after annealing at different 
1 0 temperatures for growth on a clean and on a hydrogen terminated surface. 

Fig. 19(a) to (h) are a series of diagrams and STM images shovsdng room 
temperature encapsulation of a phosphine dosed silicon surface and subsequoit 
annealing. 

Fig. 20(a) to (i) are a series of diagrams and STM images showing encapsulation 
15 of a phosphine dosed silicon surface at 260''C and subsequoit annealing. 

Fig. 21 is a graph showing the relative surface phosphorous atom density after 
annealing of phosphine dosed surfaces whidi were overgrown with S ML of Si at room 
. temperature and at 260®C, respectively. . 

Fig. 22(a) to (d) are a series of diagrams and STM images showing the process 
20 of saturating a silicon surface with phosphine, then annealing and encapsulating it by Si 
growth to &bricate a pho^homs S-doped layer in silicon. 

Fig. 23(a) is a schematic diagram of a phosphorus 5<4oped silicon sample; (b) 
shows the Hall bar structure used for Hall efifect measurements and (c) shows the 
results of the Hall effect measurements. 
25 Fig. 24 is a graph showing the mass-3 1 depth profile of two phosphorus 5-doped 

layers in silicon fabricated at Si growth temperatures of 250^*0 and room temperature, 
respectively^ measured using secondary ion mass spectrometry. 

Fig, 25 is a schematic illustrating the atomic-scale device fabrication process. 
Fig. 26 is an SEM image and enlargement of a set of registration maricers etched 
30 into the Si(001) sur&ce and tiie STM tip approadied to the Si(001) surfitce 

Fig. 27(a) to (d) illustrate the ftibrication process of a 2 x 2 pm^ phosphorus 
doped 2D device. 

Fig. 28(a) shows an STM image of a hydrogen terminated Si(001) surface (dark 
area) from which hydrogen was removed to form a 100 imi wide and 1 jjun long wire 
35 with two contact regions on both ends (brigjit area). Fig. 28(b) is a schematic which, 
shows a wire with two contact regions on both ^ds contacted by metal fingers. 
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Fig. 29(a) shows the Hall resistance versus the magnetic field of a 2 x 2 pm^ 
phosphorus doped 2D device encapsulated with approx. 25 nm of epitaxially grown 
, silicon measured at 4 K sample traiperature. Fig, 29(b) shows the isheet resistance 
versus tiie magnetic field of this sample. 

5 

Best Modes of the Invention 

. FABRICATION APPROACH 

RefOTing first to Fig, 2, it outlines the individual processing steps for the 
10 fabrication strategy. A clean Si(l 00)2x1 surface is formed in an ultra-high-vacuum 
(UHV) by heating to near the melting point This surface has a 2x1 unit cell and 
consists of rows of c-bonded Si dimers with the remaining dangling bond on each Si 
atom forming a weak 7c-bond with the other Si atom of the dimer of whidh it comprises. 
Exposure of this sur&ce to atomic H can break the weak Si n-bonds, allowing H 
1 5 atoms to bond to the Si dangling bonds. Under controlled conditions a monolayer of H 
can be formed with one H atom bonded to each Si atom, satisfying die reactive 
dangling bonds, effectively passivating the surface; see Fig. 2(a). 

An STM tip is then used to selectively desorb H atoms from the passivated 
surface by the application of appropriate voltages and tunnelling currents, forming a 
20 . pattern in the H resist; see Fig. 2(b). In this way regions of bare, reactive Si atoms are 
exposed, allowing the subsequent adsorption of reactive species directly to the Si 
surface. 

Phosphine (PH3) gas is introduced into the vacuum system via a controlled leak 
valve connected to a specially designed phosphine micro-dosing system. The 
25 phosphine molecule bonds strongly to the ^osed Si(100)2xl sur&ce, throu^ the 
holes in the hydrogen resist; see Fig. 2(c). 

Subsequent heating of the STM patterned surface for crystal growth causes the 
dissociation of the phosphine molecules and results in fiie incorporation of? into fiie 
first layer of Si; see Fig, 2(d). It is therefore the exposure of an STM patterned H 
30 passivated surfece to PHjthat is used to produce the required P array. 

The hydrogen may then be desoibed, as shown in Fig. 2(e), before overgrowing 
with silicon at room temperature, as shown in Fig. 2(f) , An alternative that has heea 
discarded is to grow flie silicon directly through fiie hydrogen layer; as shown in Fig. 
2(g). 

35 The next step is to rapidly anneal the surfece, shown in Fig. 2O1). 
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Silicon is then grown on the surface at elevated temperature, shown in Fig, 2(i). 
A barrier is fbsm grown as shown in Fig. 20. Finally conductive gates are aligned on 
the sur&ce, as shown in Fig. 2(k). 

5 Thereareantmiberof chaUengestobenietinthisfid^rications^ In all of 

the processes outlined above, introduction of charge and spin impuriti^ is likely to be 
. fatal to the operation of the quantum computer. Preparation of large areas of defect fi:ee 
. Si(l 00)2x1 on which to fabricate the P array is necessary. It is also essential to produce 
a complete coverage of the Si surface with H with controlled desorption so that PH3 
10 adsorbs only at tiie desired sites. A detailed description of how each of these 
challenges has been met is described below. 

PREPARATION OF LOW DEFECT DENSITY SURFACE 

The (100) sur&ce is well characterised and is the most suitable sur&ce for 
15 silicon growth, and as such was chosen as &e most suitable candidate on which to 
.attempt placement of an atomically precise phosphorus array for &brication of tihe Kane 
quantum computer. 

The system used in this work is a three chamber Omicron UHV variable 
temperature (VT) STM multiprobe KM system. For the surfece passivatipn stage an 
20 atomic hydrogen source is attached to the analysis chamber, consisting of a tungsten 
filament, water cooled heat shroud and leak valve. Phosphine gas is introduced to the 
chamber via a UHV leak valve and double containmrnt gas lines. 

A separate* diamber within the same vacuum enviionmCT.t houses a commercial 
silicon dq>osition cell. This instrument allows for surface preparation, placement of 
25 phosphorus arrays and subsequent silicon overgrowth all within the one UHV 
environment. 

Silicon samples of 2x10 mm^ dimensions ware cleaved fiom commercially 
available phosphorus doped «-type silicon wafers with resistivities of 1 - 10 ficm for 
use in Omicron direct heating STM sample holders. The sample surfeces were 

30 prepared under UHV conditions by following a standard thermal preparation procedure^ 
involving flie following steps: (i) The samples were outgassed for 6 hours at ^dOO^'C by 
indirect heating using a resistive heating elem^t mounted behind the sample holder 
and outgassed for 3 to 6 hours by direct current heating to a tempeMuxc below 600^C. 
(ii) The samples were flashed to -^UQff'C for 30 to 60s by passing a DC current directly 

35 through the sample. This step removes the native oxide layo: fiom flie surface and 
allows the sur&ce silicon atoms to become mobile, (iii) The sample tempmtiire was 
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reduced to*'-950^C and then cooled slowly from -SJSO^'C to room traaperature. It was 
* found that tiie surface defect density was strongly dependient on the final cool down 
rate, as has been reported previously^. . The sample teoiparature was monitored 
fliroughout this procedure using an infrared pyrometer. After the initial outgassmg, the 

5 pressure in tiie vacuum chamber remains in th^ low 10^^ mbar region or lower 
(including during flashing to 1200''C). 

Fig. 3(a) shows a typical STM image of a low defect density Si(l 00)2x1 surface, 
, prepared according to the above procedure. One monatomic step 31 is visible to create 
two flat (100) terrace regions 32 and 33. The xxpper terrace 32 is clearly visible, while 

10 the lower terrace 33 is hard to see, but it is possible to see that flie dimer rows 34 in the 
two terraces run at right angles to each other. Such steps exist because of a slight 
misorientation of the surface plane with respect to the (100) crystal direction. It is not 
possible to produce a completely defect free sur&ce^,liowev^, tiie defect density of the 
sur&ce shown in Fig. 3(a) is approximately 1% which is consistent with the lowest 

15 defect density surfaces reported in the literature (eg., Ref.S). This image was acquired 
witii a negative sample bias and as such is a filled* state image with individual dimers 
appearing as bean shs^ed protrusions 35 attributed to tunnelling from the TC-bond of the 
dimer^. 

Fig. 3(b) is a 3-Dimensional diagram of the structure of crystalline silicon. 

20 

HYDROGEN RESIST 

The next stage of tiie fabrication procedure is to passivate the Si(100)2xl sur&ce 
witti hydrogen. In order to do this we use an atomic hydrogen source (AHS). TheAHS 
filamCTt is heated to -'ISOO^C and a gas flow from a source of 99.999% pxire molecular 

25 hydrogra is passed through the AHS via a leak valve into the UHV chamber. The AHS 
converts a significant fraction of the molecular hydrogen to atomic hydrogen, and the 
atomic hydrogen then reacts with the sample sur&ce, forming the passivation layer. 
The dose rate is controlled by monitoring the total pressure in the UHV chamber. The 
purity of the gas being introduced to the chamb^ is monitored using a mass 

30 spectrometer. 

Due to the v^ weak nature of the silicon dim^ % bond, tiie Si(l 00)2x1 surfiu^e 
is v^ reactive. Hydrogen atoms indulging onto Ifae Si(l 00)2x1 surfiu^e break tiie 
weak dimer n bond^, ca-eating two reactive surfece sites where hydrogen atoms may 
adsorb. A dim^ with only one H atom adsori>ed is called a hemihydride dimer. Hie 
35 silicon atom of the dimer that is not hydrogen terminated is left with a dangling bond 
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where a second hydrogen atom may adsorb. A silicon dimer that has been completely 
' passivated with two hydrogen atoms is called a monohydride dimer. 

Several experiments were performed to detemiine the optimal hydiogm dosing 
conditions to obtain a uniform monohydride layer. Fig. 4(a) is an STM image of a 
5 passivated surface 41 where we have dosed the sample to a chamber pressure of 10^ 
mbar for half an hour with sample temperatures in the range of 300 - 400°C, During 
dosing the sample surface was positioned directly in front of the AHS UHV inlet at a. 
distance of 10 cm. The result is an almost uniform monydride 42 layer but havinjg 
dihydride 43 and the combination 44 of these two phases, known as the H:(3xl) phase. 
10 In addition th^e are dimers missing at the surface at 45. 

The monohydride 42 structure is shown in Fig. 4(b), and has both silicon atoms 
of the dimer terminated with hydrogen. 

The dihydride 43 structure is shown m Fig. 4(c), and has eadi silicon atom 
bonded to two hydrogen atoms. In Fig. 4(a) this feature has the appearance of a daxk 
15 spot 

Fig, 4 (d) shows the structure of flie combination of these two phases 44, which 
are identified on the surface. 

Fig. 4 demonstrates that we are able to controUably dose the Si(lOO) surface 
with hydrogen and identify the resultant surface species. However, to further 
20 demonstrate our ability to characterise the clean and hydrided sur&ces we have 
performed a number of scanning tunnelling spectroscopy (STS) expaiments^ We held 
the STM tip at a fixed location and distance fix>m tiie surface (by disengaging the STM 
tip feedback mechanism) and ramped, the tip bias through -2 V to 2 V, while measuring 
the tunnel current. Fig. 4(e) shows die results of these STS experiments for both the 
25 clean (Fig. 3(a)) and hydrogen terminated (Fig.4(a)) surfaces. The clean surfece 
spectroscopy shows both the n bonding and tc* antibonding peaks. The spectroscopy 
for the hydrogen terminated surface shows a broad shoulder associated with the silicon 
bulk density of states and a pronounced Si-H antibonding peak. Both of these results 
are in agreement with previous studies^. 

30 

HYDROGEN LITHOGRAPHY AND PHOSPHORUS ARRAY 

Following the formation of a monolayer of H on the Si surface the next step is to 
selectively desorb regions in the H resist using the STM tip. This will expose areas of 
the Si siirface for the controlled placement of P atoms. 
35 Achieving atomic resolution desorption places stringent requirements on the 

STM tip. Controlled desorption can be achieved by applying a large bias to the STM 
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tip, however, it is also possible to desoirb hydrogen whilst imaging, thereby exposing 
regions of the surfiewe unintentioiially. We demonstrate that we have overcome this • 
obstacle to controUably and repeatedly desoib H in an array suitable for the fiabtication 
of the Kane quantum computer. 

5 In order to achieve atomic resolution desorption^ a very sharp tungst» tip with a 

large cone angle is required^^ In order to meet these requirraients we have used a 
commercial tip etching device (Qmicron W-Tek Semi-Automatic Tip Etching system). 
. A length of W wire (diameter=0.38 mm) is inserted ~ 2 mm into a NaOH solution at 
the centre of a stainless steel cathode ring. Application of -5-10 V between electrodes 

10 generates an electro-chemical reaction which proceeds preferentially at the surface pf 
the solution. Within '-'10 min the wire is etched completely throu^ leaving a small 
radius tip, A 2 min etch in hydrofluoric acid removes any oxide layer. The tip is 
• inspected under an optical microscope to assess the geometry and» if satisfactory, 
loaded mto the UHV system within 30 min to prevent formation of oxide. Oflier 'tip 

15 materials can be used such as Ptir and will be subject to similar preparation 
considerations. 

An STM tip is used to desorb hydrogen from the surface by application of a 
controlled voltage pulse between the tip and sample. Careful optimisation of the 
geometry of the tungsten tip and controlled voltage pulses (sample bias -6 V and 

20 tunnelling current -'I nA for '-I ms) makes atomic resolution desorption possible. It is 
necessary to desorb an area with the correct phosphine dose so that one phosphine 
molecule and tiierefore only one phosphorus atom can bond in this area. 

Fig. S(a) is an STM image showing two desorption sites along a silicon dimer 
row (before phosphine dosing). The bright circles SI in die image are two dangling 

25 bonds arranged along a dimer row. The desorption sites appear as brigjit protrusions as 
a result of the extension of electron density out of the surface due to the silicon dimer 
surface states of the exposed silicon dangling bonds. The remaining hydrogen on each 
silicon dim^ is known to be transient^^ and we have observed it diffusing from one side 
of the dim^ to the other with time. 

30 The next step is to fabricate the P arrays. Following STM lithography to e>^ose small 
regions of the Si(100)2xl surfiEu^ phosphine gas is permitted into the chamb^ by a 
controlled leak valve such that individual phosphorus bearing molecules are adsorbed 
onto the exposed silicon surface. 

In order to obtain high purity phosphine gas delivery, the PH3 mioro-dosing 

35 system and its connections to the UHV STM employed intOTially electro-polished gas 
lines assembled in a clean-room environment. Mass spectra taken in the chamber 
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during the exposure at a pressure of 10^ mbar reveal no significant increase in tiie 
' partial pressure of any other species. The sticking coefScient of phosphine on the dean 
silicon surface is 1^^. 

5 Fig. 5(b) is an STM image of phosphine molecules being adsorbed at the two 

dangling bond sites exposed (Fig. 5(a)) with one molecule adsorbed per dangling bond. 
Fig. 5(c) is a line profile across the dimer rows of Fig. 5(a) through one of the dangling 
bonds and shows the typical 0.12 nm height. Fig. 5(d) shows a line profile through one 
of the adsorbed phosphine molecules with a typical height of 0.17 nm. 
10 Fig. 6(a) to (d) show equivalent images to Fig. 5 (a) to (d) but for three dancing 

bond sites perpendicular to the dimer row direction. 

The STM images in Figs. 5(a) and 6(a), with sudi a close spacing between sites, 
hi^ght the atomic resolution desorption achieved. The distance between sites can 
easily be increased to the required qubit spacing of 20 nm, and we have performed 
15 controlled lithography of single desorption sites in a line >100 nm in Imgth. The 
' images demonstrate that these desorption sites are sufELdent to allow only one 
. phosphine molecule to bond to flie surfece at each site. 

All images were acquired at a sample bias of -1.8 V and tuimelling cutr^t of 
0.4 nA. 

20 

Figs. 5(d) and 6(d) show the same area as Figs. 5(a) and 6(a) afta exposure to 
phosphine gas at room ten^)erature. 

The effectivmess of the hydrogen resist as a barrier to phosphine adsorption is 
demonstrated by the uniform hydrogen coverage after phosphine dosing except at the 
25 previously desorbed hydrogen sites. In order to observe any changes after phosphine 
exposure we have specifically chosen single hydrogen desorption sites, rather than 
larger desorption sites and present high resolution images where the spacing between 
sites is very smaU. 

Analysis of the line profiles in Figs. 5(f) and 6(f) show a characteristic inarease 
30 of ^.05 nm in the height of the protrusion after phosphine dosing. Such a difG^ence 
can frequently occur due to minor changes in imaging conditions between scans, \^ch 
results in the STM tip extending fialher into the gap between dimer rows. However the 
height difference due to PH3 adsorption is measxired fix)m the top of tite dim^ rows to 
the top of the protrusion and is not therefore affected by this. 
35 The ^.05 nm height increases in the line profiles, observed at all adsorption 

sites over several imag^, was calibrated against an atomic step edge on the same 
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surface (not shown) both before and after phosphine dosing. This reproducible increase 
confirms the adsorption of a PH3 molecule and corresponds to the difference between 
flie exposed silicon dangling bond and the adsorbed phosphine. The transient nature of 
the hydrogen atom on the silicon dimer can account for the asymmetry of the final 
5 image where one phosphine molecule has bonded to the left silicon atom in the dimer 
(upper) and anoth^ phosphine molecule has bonded to ftie right silicon in the dimer 

Studies of the interaction of phosphine with clean Si(l 00)2x1 surface " 
suggest that PH3 molecularly adsorbs to one end of a silicon dimer and can then 

10 dissociate to PHj provided silicon dandling bonds are available nearby for the re- 
adsorption of the dissociated H, The absence of available dangling bond sites on the 
hydrogen-terminated surface can inhibit this dissociation step. A similar dissociative 
jprocess and Si-XHj configuration is understood to occur in flie adsorption of NHj*^ and 
AsHj^^ on the Si(l 00)2x1 surftu^e, where botii nitrogen and aiscoic are isoelectronic 

15 withphosfphorus. 

The above results are important since for tiie first time we have demonstrated the 
effectiveness of the hydrogen resist as a barrier to phosphine adsorption and used this 
tischnique for the controlled placement of single phosphorus bearing molecules on a 
silicon surface - a central step in the construction of a silicon based quantum computer. 

20 This process, shown for closely-spaced controlled doping, demonstrates the 
achievability of more widely-spaced (-20 mn), precisely positioned phosphorus qubit 
arrays over large areas. This fihrication process is also applicable to the production of 
other rniox)- or nanoelectronic devices that could utilise ordered atom or dopant arrays. 

25 DETECTION OF PH^ ON THE Si(100) SURFACE 

In order to understand the incorporation of phosphorus atoms from phosphine 
gas into tiie silicon (100)2x1 it is first necessary to be able to identify phosphorus 
related species on a silicon surface and distinguish these from other features on tiie 
surfece, including Si(lOO) surface defects. Fig. 7(a) is an STM image of a silicon (100) 

30 sur&ce showing a number of defects. Hie defects, which occur iia several forms, are 
seen as dark features on the dimer rows and four such defects are characterised with 
filled and empty state imaging in Fig. 7(b) to (e). The &ct that the defects (and any 
other feature on the sur&ce) have a charactCTstic i^earance in both filled and empQr 
state images means that we can obtaia a characteristic *fiingerprint' for each feature and 

35 thus distinguish one feature fix>m another. 
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,The images in Fig. 7b to 7e are filled and empty state images of the following 
defects: (b) missing dimer defect, (c) multiple missing dim^ defect, (d) C-defect, and 
(e) split-ofF dimer defect. 

All images were obtained xising a tunnelling current of 0.1 nA.. The bias 
5 voltages used were (b) -1.8 V, (c) +1.6 V, (d) -1,8 V, (e) +1.2 V, (f) -1.8 V,.(g) +1.2 V. 
:(h)-1.3V,(i)+1.2V. 

Fig. 8 shows a 25 X 25 mn^ area of a Si(lOO) sur&ce (a) before and (b) after the 
surface is exposed to a low dose of phosphine. Before dosi]% (Fig. 8(a)) th^e are a few 
10 * defects on the sur&ce. . One such multiple missing dimer vacancy which. is circled and 
labelled Sr is present after dosing. However, generally after dosing (Fig. 8(b)) it can be 
seen that most of the defects have changed in appearance and that the number of 
features on the surfece has increased significantty. For instance a bright protrusion 82 
has appeared. Such changes to the appearance of the surface result from the adsorption 
15 of PHj molecules and from sp^ies fiiraied from the partial dissociation of PH3. 

The imaging conditions were (a) -1.6 V, 0.2 nA and (b) -1.6 V, 0.2 nA. 

Fig 9(a) shows a filled state STM image of a 50 x 50 nm^ area of a Si(100) 
surface dosed with a low dose of PH3. Th^e are sev^al features seen in the image tiiat 

20 are not seen in images of the clean Si(lOO) surface. In order to characterise the 
adsorption species fomied after PH3 dosing we have performed high-resolution filled 
and empty state imaging of a PH3 dosed surface. Studying the characteristic 
appearance of each of tiie features in filled and empty state images, and the apparent 
height of the features in the filled state images (see Figs. 9(b) to (e)) we find that th^e 

25 are four new species, (b) and (c) are phosphorus containing molecules wh^e 
Xr^,3); (d) is a hemihydride i.e. a silicon dimor with one dangling bond saturated with a 
' hydrogen atom and the other dangling bond unreacted. Figures 9 (biv), (dii), (diii) and 
(eiii) show the features in empty state unages. Figures 9 (bii), (cii), (dii) and (eii) show 
hei^t profiles of the features in filled state images discussed above. 

30 All images were obtained using a tunnelling current of 0.1 nA. The filled 

(empty) state images were obtained with using a bias of-1 .8 V (+1.2V). 

JNCORPORATION OF P INTO THE SURFACE-FIG. 2(d) 

Fig. 10(a) shows a Si(l 00)2x1 surface dosed with a low dose of phosphine^ it is 
35 similar to Fig 9(a). Fig. 10(b) shows the sur&ce after subsequent annealing to 350^C, 
Fig. 10(c) after annealing to 475*^0 and Fig. 10(d) after annealing to 700"C.. 
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After phosphine dosing, the features imaged on the surface in Fig. 10(a) are 
those described in Fig. 9(a). 

After the 350°C anneal the bright spots known to be phosphine molecules are 
gone. Large bright lines 101 perpendicular to the dimer rows were investigated by 
5 takmg the filled state and empty state images shown in Fi& 10(e) and (f) which 
revealed fliem to be 1-dimensional silicon dimer chains. The diains are made up from 
5i atoms that are ejected fiom the surfece when P atoms are incorporated into the 
silicon to fomi Si-P heterodimers. The images in (e) and (f) w«e obtained using 
sample biases of -1 .6 V and +1.6 V respectively. 
10 Dark bats 102, more easily seen in the ralargemoit of Fig. 10(g), are 

monohydrides, and their structure is illustrated in Fig. 10(h). 

Zi^g pattans 103, again more easily seen in the enlargement of Fig. 10(g), are 
the Si-P hetCTodimers, and their structure is illtistrnted in Fig. 10(i). 

After annealing to 475'*C the sihcon chains 101 have disappeared and after 
15 annealing to 700*?C the monohydrides 102 and Si-P heterodim«s 103 are no longer 
present on the surface. 

The images in Fig. 10 provide detailed analysis of wdiat reactions are occurring 
. at the silicon surface as a ftmction of tCTaperature. At room temperature phosphine 
adsorbs onto the surfece as PHj^most of which quickly dissociates to form PH2 and H, 
20 Heatmg fliis surface to 350 sees dissociation of the PH^ (x = 2-3) to form a P-Si 
heterodimers, involving flie incorporation of P atoms into the surface layer and the 
ejection of Si firom the surface layer onto the surface to form 1-dimensional Si chains. 
The dissociation of PH,, also results in the adsorption of H onto the surfece in the 
monohydride phase. When flie surface is heated to AIS^'C flie Si atoms in the 1- 
25 dimensional chains are supplied with raough energy to difiuse to step edges so ttie 
chains disappear from the surface. Once the surfece temperature has been raised to 
TOO^'C tiie monohydrides and the P atoms have desorbed from the surfece, as and 
P2, respectively. 

30 A clear demonstration of the fact that it is possible to incorporate P into the top 

layer of a clean Si(100) surfece is provided in Fig. 11. Hie diagram of Fig. 11(a) 
e>q)lains what is shown in tiie filled state STM image of Fig. 1 1(b), namely, a pair of P 
containing molecules after adsorption onto flie bare Si(100) surfece. This is confirmed 
by the line profile of Fig. 1 1(c). 

35 By contrast, tiie diagram of Fig. 11(d) explams what is shown in Fig. 11(e), 

namely that a pair of P atoms have been incorporated into the surfece as a result of 
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annealing a phosphine dosed surfece to 400**C, The.line profile of Fig. 11(f), when 
compared to Fig. 1 1(c) show ttiat there is a charactmstic hei^t difference of -0.06 mn 
. bi^eai the non-incorporated and incorporated P, with the former extending higher 
above the surface plane. The reason for tbis height difference is apparent from the 
5 schCTiatic models m Fig.s 1 1(a) and (b), which show the P ooordinaticm geometry for 
the two cases. 

Fig. 12(a) is an STM unage of a surfiwe that has heea given a low dose of 
phosphine and heated to 350°C, and shows flie same features as Fig. 10(b), Fig. 12(b) 

10 is a similar image but the dosmg was for six times as long. As a result iho silicon 
chains 121 are much longCT and more numerous, confirming that the ejected diains are 
related to the presence of P incotporated on the surface. 

hi order to confirm that P remains in flie region of the surface after annealing we 
use a chemically specific technique. Auger electron spectroscopy (AES), to analyse the 

15 P dosed surfece. Thediaractetisticphosphorus AES peak at 120 eV was monitored for 
a succession of doses until the peak hxtensit>r became saturated, as shown at 122 in Fig. 
12(c). The surfecp was then annealed to 590**C, which is approximately the upper Bmit 
of the temperature range used for P incorporation, and anotiier AES spectra was taken, 
123 as shown in Fig. 12(c), Although, the mtensity of the P 120 eV peajc has deceased 

20 by - 40%, possibly due to some desorption of physisorbed PH3, its intensity is high 
enough to conclude that there is a significant amount of P in the region of the surface. 

INCORPORATION OF P INTO A LITHOGRAPHICALLY DEFINED REGION 

Fig. 13 shows STM-based lithogr^hy using an H-passivation layer on Si(lOO) as 
26 a resist for spatially controlled adsorption of phosphme. Desorbing H with the tip of an 

STM results in the formation of a ~ 200 x 50 nm^ '*patch 131 and two ~ 100 mn long 

lines 132 and 133 of bare Si on the H-passivated surfece, as shown in Fig, 13(a). 

After dosing the surface with phosphine and aimealing to 375^C, the 

incorporation of P atoms into the surface, within the desorption patch, can be infored 
30 fix)m the appearance of siUcon dimer chains 134, see Fig. 13(b). However the H- 

teimination of the surrounding surfece has not been effected by the phosphine 

exposure. 

High resolution images of the dosed and annealed patdi, shown in Fig. 13(c) and 
(d) are filled and empty state unages, respectively, of the area mdicated by the box in 
35 (b). In the CTipty state image, ttie ejected Si-Si dim^ chains show splitting 
characteristic of Si-Si dimers. 
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Fig, 14 demonstrates the incorporation of P dopant atoms along a lithographic 
line. Fig, 14(a) shows a - 1 nm wide line 141 of bare Si fabricated in a H-terminated 
Si(lOO) surface. Exposure to 0.3 Langmuirs of phosphine gas produces adsorption of 
PH^ species and H, see Fig. 14 (b). After annealing to - 375X there is full 

5 dissociation of the PH^ spedes. This produces further H adsorption and incorporation 
. of P and ejection of SL Some of the H lepassivates flie siUcon sur&ce to cause it to 
look darker in Fig. 14(c). Fig. 14 (d) and (e) show filled and empty state images, 
respectively, of the phosphine dosed and aimealed line, and they confum the 
appearance of a silicon dimer chain 142 in the region of the line. The diaracteristic 

10 splitting of the substrate H-tenninated dimer rows is obsCTved in tiie empty state image. 
Several single dangling bonds 144 appear as single bright protrusions in both filled and 
empty state images, as do several dangling bond pairs 145 which are due to bare Si-Si 
dimers on the surface. 

The single ejected dimer chain 142 is visible near the centre of the images. This 

15 chain is identified by the &ct that it is orimted p^endicolar to the substrate dimer 
rows and also that it spUts into pairs ofprotrusions in the empty state. Unlike the bare 
silicon dimer chains seen in Fig. 13, this dimer chain is hydrogm. terminated, as is 
evidenced by the fact that the intensity of the cbsdn is comparable to the surrounding 
dangling bonds - a bare Si-Si dimer chain would be much brighter than ttie dangling 

20 bonds on the surface. The H to produce this termination comes from the dissociation of 
PH3 molecules. Fig, 14(f) shows a high-resolution filled state image of the dosed and 
annealed line that has been contrast enhanced to higjilight features of the surface fliat 
are otherwise overshadowed by the very bright dangling bonds of die surface. TTie 
arrows point to P-Si-H heterodimers, several of which have been formed along the 

25 length of the lithographic line. 

In Fig. 14(h) a line profile, obtained fix>m betwewi X and X' in Fig. 14(g), is 
displayed, along with a diagram of the part of the surface through which the line profile 
was obtained. The highest peak in the line profile results firom the presence of a P-Si-H 
heteroduner. The above results show that we are able to incorporate P dopant atoms 

30 into the Si(lOO) surface with sub-nanometre accuracy at spatial locations defined using 
anSTM. 

THERMAL HYDROGEN DESORPTLON - FIG 2a(e) 

Figures 14A, 14B, 14C and 14D are all concCTed with removing the hydrogen 
35 resist layer fix)m the silicon surface before enciq)5ulation with epitaxial silicoiL Studies 
undertaken by us have confirmed that whilst it is possible to grow epitaxial silicon 
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through the hydrogen resist, the quality of the silicx)n crystal grown is significantly 
degraded as compared with removing the resist completely before growfli^^. To this end 
a series of experiments have been conducted to remove the resist layer. 

5 In the first experiment a silicon (100) sur&ce is terminated with atomic 

hydrogen to form a monohydride-terminated sur&ce. This sur&ce was then subjected to 
several different thermal anneals to determine the appropriate temperature required to 
remove the hydrogen resist layer effectively. Each sur&ce shown in Figure 14A (a-d) 
was initially hydrogen terminated to a complete coverage of IML. 

10 Figm-e 14A(a) shows an filled state STM image of hydrogen terminated surface 

following amiealing to 500°C for 10 seconds. The resulting surface is very rough as a 
result of the incomplete removal of the hydrogen resist. The many bright protrusions on 
this surface are silicon dangling bonds where hydrogen has been removed from these 
silicon dimers. The greater proportion of the sur&ce is stiU tominated with hydrogen 

15 and appears darker. The significant amount of hydrogen remaining on the surface after 
this treatment makes this surface un&vourable for epitaxial silicon growth. 

Figure 14A(b) shows a section of the hydrogen terminated surface following 
heating to a slightly high^ temperature of 530**C for 10 seconds. The nine bright 
*2igzag' features are hemi-hydride or singly hydrogen occupied silicon dimers which 

20 still remain on the siu^ce. The remaining dark features are dimer vacancies. The 
density of hydrogen on fliis sur&ce is <0,1% and is low enough that epitaxial growth 
will not be affected on this sur&ce. 

Figure 14A(c) shows a section of the hydrogen terminated surface following an 
even higjher anneal of SeO^'C for 10 seconds. This surfece exhibits 5 bright hemi- 

25 hydride features indicating that there is still some hydrogen on the surface. However 
there is a considerable in^ease in the dark features (dimer vacancies). These vacancies 
align together indicating significant rearrangement of the surface. This rearrangement is 
detrimental to the stability of lithographically placed dopant arrays such as those 
&bricated for the quantum computer. As a result we can conclude that this anneal 

30 tonperature is too high. 

The optimal anneal temperature seems to be ^ SBO^C. In order to minimise the 
amount of thermal energy needed to remove the hydrogen we repeated tiiis experiment 
in Figm^ 14A(d) but not only annealing for 5 seconds rather than 10. This sur&ce 
shows the same characteristics as the surface in Figure 14A(b) (i.e. a small number of 

36 hemi-hydride features and no aligned defects) indicating that the shorts: heating time 
removes the hydrogen as effectively with a smaller thermal budget. 
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In order to determine the stability of lithographically placed dopant arrays to 
these heating conditions a monohydride surfece was lithographically patterned with an 
STM tip as outlined in HYDROGEN LITHOGRAPHY AND THE PHOSPHORUS 
ARRAY. 

5 The littiographically defined regions onto which the phosphine is deposited can 

be seen in Figure 14B(a). The structure is a castellation pattern in the upper part of flie 
image and four ^Stan points in the lower 1^ of the image. The bright protnisions over 
the rest of the surface are silicon dangfling bonds whidi have been inadvertoafly 
exposed by the STM lithography. This surfece is flien dosed with phosphine for three 

10 minutes at a pressure of 1x10'* mbar and heated to SSO^'C for 10 seconds to incorporate 
the phosphorus into the surface silicon monolayer. The resulting surfece is heated to 
530*'C for 5 seconds t6 remove the hydrogen as in figure 14A(b). 

Figure 14B(b) shows the remnants of the diopant pattern after the 5 second 
SSO^'C step. Some parts of the upper castellation pattern are seen but more importantly 

1 5 two of the point structures in the lower part of Figure 14B(a) have survived. 

. Figure 14B(c) shows a hig^ resolution image of one of the points in Figure 
14B(b) exhibiting most importantly a bright protrusion p^endicular to the dimer rows. 
This is characteristic of silicon ejected by the phosphorus incorporation process. * 

The idratificadon of ejected silicon localised in regions defined by STM 

20 lithography, demonstrates that the phosphorus which has been incorporated at 
controlled locations remains in the same location after hydrogen is removed using 
thermal processing of SSO^'C for 5 seconds. 

STM TIP INDUCED HYDROGEN DBSORPTION 

25 Usuig the STM tip for hydrogen removal for Hhe lithogrc^hy process can also be 

applied to completely removing the resist after phosphine dosmg and incorporation. 

Figure 14C shows a IML monohydride terminated surface was subjected to 
repeated passes in a rastCT pattern of the STM tip under conditions of +4V sample bias, 
3nA constant current to almost completely desorb hydrogeai firom the surface. The top 

30 of Figure 14C shows a portion of the surfece which is still hydrogen tominated. This 
region has many random dangling bonds due to the high bias and current used to desorb 
the patch. The exposed silicon surfece shows a small amount of remnant hydrogen in 
the form of monohydride and hemi-hydride dimers but is otherwise undan:iaged by the 
desorption process. This means that hydrogen can be removed in large areas using the 

35 STM tip leaving behind a suitable surface for subsequent epitaxial silicon growth. 
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To demonstrate the efifectiveness of this technique for removing the hydrogm 
whilst maintaining the integrity of the lithographically incorporated phosphorus atoms 
we highlight the experiment performed in Figure 14D, Figure 14D(a) shows two hright 
features on a hydrogen terminated silicon surface corresponding to two dangling bonds 

5 that have been esqposed by STM lithography. The surface is then phosphine dosed and 
annealed to incorporate P atoms into the top lay^ of the silicon sur&ce before an STM 
tip is them used to remove the hydrogen resist completely. 

Figure 14D(b) shows the same sur&ce after the hydrogen has been almost 
. completely removed from this region of the surfece using the STM tip with +4V, 3nA 

10 timnelling conditions. The two brigiht protrusions are clearly observed at the sur&ce . 
corresponding to the two incorporated phosphorus atoms, which are seen to be in the 
same locations as the dangling bonds prior to phosphorus dosing in Figure 14D(a). 
Other dark features in the image are thought to be hemi-hydride features resulting from 
incomplete desoiption of hydrogen. This result clearly demonstrates that the hydrogen 

15 resist can be afanost completely removed from the surfece using the STM tip whilst 
maintaining the mtegrity of the carefully crated STM patterned array of P atoms in 
silicon. 

ENCAPSULATION OF INCORPORATED P BY fflOH PURITY SILICON 
20 Figures 15 to 24 are all concerned with the silicon encapsulation process, and in 

particular the best way to achieve an atomically smooth lay^ so that we can image the 
binied Si-P heterodimers and ensure fliat they do not move out of fheir arrays. 

GROWING SILICON - FIG. 2(f) and (g) 

25 Fig. IS illustrates two iapproaches to the growth of silicon with no P present 

. Fig. 15(a) to (d) are concCTed with mcsqosulation at room temperature and elevated 
temperatures. Figs. 15(e) to (h) are concerned with encapsulation at room temp^ature 
and subsequent annealing. Fig. 15(i) to (k) show schematics which illustrate the 
temperature dependent epitaxial growth modes of silicon. 

30 Fig. 15(a) shows silicon epita?dal layers with a thickness of about 12 monolayers 

on a Si(l 00)2x1 substrate deposited at room tempemture. The mobility of silicon 
adatoms on the sur&ce is strongly restricted by the low substrate temperature. Thus, the 
silicon adatoms stick on the surface close to the place where fhey were deposited from 
tiie gas phase and 3D Si islands form. This process is explained in the diagram of Fig. 

35 1 5(k), where the random growfli can be sem to result in a hig|h sur&ce roug^ess. 
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With increasing substrate tranperature, the mobility of the Si adatoms on the 
surfece increases and elongated Si islands grow. Depending on the substrate 
temperature several layers grow simultaneously: 

At 220°C, shown in Fig, 15(b), three layers grow at one time, and the 
6 mechanism is es^lained in Fig. ISQ). 

At 420°C, shown in Fig. 15(c), only two layers grow at one time. 
At higher substrate tenqieratures, such as 590^ shown in Fig. 15(d), Si grows in 
: the step-flow growth mode, and die medianism is e9q[>l8Uied m Fig. 15(i). H«e the 
mobility of Si adatoms is high enou^ to diffuse on Ae terraces and to zeadi flie st^ 
10 edges where Ihey incoiporate into the crystal. The result is a smooth crystalline surfece 
in much the same way as a reconstructed Si(l 00)2x1 surfece after sample flashing. 

Figs. .15(e) to (h) show an altranative oicapsulation procedure. Fig. 15(e) is the 
same as Fig. 15(a). However, Fig. 15(f) and (g) show the effect of annealing at 335 °C 
for 1 minute and additional 9 min, and Fig. 15(h) shows the effect of subsequent 
15 annealing at 660 **C for 1 minute. 

Overall, surfece rou^ess and defect density can be seen- to decrease witili 
increasing annealing ten^erature and time. Thus, the structural quality of the qpitaxial 
Si layer increases with increasing growth or annealing temperature. The STM images in 
Fig. 15 show that similar surfece morphologies are achieved with the two different 
20 iipproaches. 

Figure 16 shows the results of a more detailed study where five monolayers of 
siUcon are grown at 250*'C and then annealed at different temqperatuies and times. 

Fig. 16(a) is a schematic and Fig. 16(e) shows flie conesponding fflled state 
25 STM image of flieSi(l 00) surfece before any silicon growth. 

Fig. 16(b) is a schematic and Fig. 16(f) is the cone^onding filled state STM 
image of the Si(lOO) surface after Si growth of 5 monolayers (ML) at 250*0. At a 
substrate temperature of 250 °C, siUcon grows in the layer-by-layer growth mode. 

The remaining images in Fig. 16 show the results after various annealing steps. 
30 The rough surfece structure is still clearly visible after annealing at 328 "C. Annealing 
at 363 «*C and 407 leads to the formation of a terrace structure similar to the 
structure of the clean Si surfece. However, the terraces contain smaU Si islands, 
vacancy areas, and antifdiase domain boundaries. The surface also displays a high 
density of missing dimear defects. After additional annealing at 456 "C and 490 "C 
35 mobile single missing dimers formed multiple missing dimer defects. Further annealing 
at 548 °C and 605 *C recovers the initial terrace structure of the Si(100) surfece without 
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Si islands or holes, however, the density of missing dimer defects is significantly higher 
than on the initial clean Si surface after flashing. The image size of flie STM images is 
50 X 50 nml 

5 Fig. 17 shows the results of a similar study, but wh^e the silicon surface has 

been passivated by hydrog^ prior to silicon growth. 

Fig. 17(a) is a schematic and Fig. 17(e) the corresponding filled state STM 
image of a dean Si(lOO) sur&ce. 

Fig- 17(f) is a filled state STM image of a hydrogen tenninated Si(100) surfece. 

id The monohydride tttminated surfece shows a low density of Si dangling bonds whidi 
appear as bright protrusions in the STM image. 

Fig. 17(b) is a schematic and Fig. 17(g) the correspondiag filled state STM 
image of the sample surface after Si growth of 5 ML at 250 X on the hydrogen 
tenninated surface. As difEusion of Si atoms on the hydrogen terminated surface is 

1 5 largely suppressed by the presence of hydrogen, silicon grows in island growth mode as 
opposed to layer-by-layer growth on a clean Si(lOO) surface at 250 °C. 

Figs. 17(c) and (d) are schematic and the remainder of Fig. 17 are filled state 
STM images of the surfece after various axmealing steps. The 'island' structure remains 
even after annealing at 3 15, 345, 350, and 400 **C. 

20 Further annealing at 401 for 55 s, however, changes the surface moiphology. 

The islands flatten and have an elongated dimer row structure. The dimer rows exhibit 
dark areas similar to single missing dimer defects. These dark features appear to be 
monohydrides which are still adsorbed on flie Si surface. After the next annealing step 
at 456 ^^C for 5 s, the surfece displays a lower density of the dark features indicating 

25 that hydrogen desorption occurs during annealing. The reduced density of hydrogoi at 
the surfece allows for a higher Si diflEusivity and, thus, for a diange of flie surfece 
morphology. After annealing for 5 s at 508 Si atoms have rearranged to form 
terraces. However, small Si islands and holes as well as antiphase domain boundaries 
and a high density of missing dimer defects are present on the terraces. After fijrther 

30 anneaHng at 507, 561, and 560 «C the Si terraces show a high density of missing dimer 
defects which are aligned to energetically favorable defect rows perpendicular to the 
dimer rows. The defect density is significantly higher than on the initial clean surface 
prior to growth and also higher than after growth on a clean Si surfece and annealing. In 
order to rearrange Si atoms to form a tmace structure after growth, an annealing step of 

35 561 for 5 s is necessary. This is about 100 higher flian for growth on a dean Si 
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surface, where the terrace structure is already formed at a temperature of 456 ''C (see 
Fig: 16). The size of the STM images is 50 x 50 mnl 

Fig. 18(a) shows the RMS (root mean square) Si surface roughness of STM 

5 images displayed in Fig. 16 (without H) and Fig. 17 (with H). For annealing 
temperatures below about 500 ''C, growth on the H terminated surfece leads to a higher 
surface roughness compared to growth on a clean,' non-H terminated surface. Annealing 
of the samples at temperatures below about 400 does not significantly change the 
surface roughness. The samples show a surface roug^mess comparable to the roughness 

10 of a clean Si surface (after flashing) for annealing temperatures of about 550 ""C and 
higher. The lines are guide to the eye. 

Fig. 18(b) shows the density of missing dimer defects detOTnined from STM 
images from growth on a clean and hydrogen terminated Si(l6o) surface, respectively. 
For equal fliOTnal budget, i.e. growth at 250°C and subsequait annealing steps, the Si 

16 surfiace shows a significantly WghCT defect density after growth at 250 ®C on a 
hydrogen terminated sui&ce than after .growth on a clean Si(lOO) surfiice. Hie main 
reason for the higher defect density fq>pears to be the island growth mode as opposed to 
the layer-by-layer growth on the clean Si(100) surface at 250 **C. The coarsening 
process of an initially high dmsity of islands leads to the formation of antiphase 

20 domain boundaries and vacancy areas in the terraces. Both samples; however, display 
higher defect densities even after annealing at more than 600 for one minute than a 
clean Si surface aft^ flashing. The lines are guide to the eye. 

These results demonstrate that to obtain smooth layers it is best to remove the 
25 hydrogen first This gives better atomic flatness and a reduced number of defecte. 

GROWING SILICON OVER DOPED SURFACES 

Fig. 2 (f) and (h) (RT growth and rapid annealing) 

Figs. 19 to 21 show the effects of different growth tenq)eratures during silicon 
30 encapsulation and subsequent annealing steps, on the segregation and dif&ision of P 
atoms to the sur&ce. 

Fig. 19 shows room temperature encq)sulation of a phosphorus doped sur&ce 
and subsequent annealing. 
35 Fig. 19(ai) is a schematic and Fig. 19(aii) is a filled state STM image of a clean 

Si(lOO) 2x1 reconstructed surface. 
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Fig, 19(bi) is a schematic and Fig. 19(bii) is a filled state STM image of the 
surface- after phosphine saturation dosing for 15 min at a chamber pressure of 1 x 10^ 
. mbar and annealing to 600 to incorporate phosphorus atoms and desorb hydrogen. 

Fig. 19(ci) is a schematic and Fig. 19(cii) is a filled state STM image of the 
5 su]::&ce aft^ epitaxial growth of 5 monolayers (ML) of siUcon at rooitn temperature 
(RT). 

Fig. 19(di) is a schematic and Fig. 19(dii), (diii), (div) and (dv) arc filled state 
STM images of the surfiace after annealing of the sanq>le for 1 min at 325 450 
600 and 750 °C, re^ectively. The surface after epitaxial growth is covered with 3D 

10 silicon islands and flattens during subsequent annealing steps. The aimealing steps at 
325 to 600 show an increasing density of bright zigzag features on the surface. 
These features are related to Si-P heterodimers at the Si(100) surface and demonstrate 
an inCTease of the density of phosphorus atoms at the surfece due to dif&sion of these 
atoms from the higjily phosphorus doped layer beneath the epitaxially grown silicon 

15 layer. 

Fig. 19(ei) is a schematic and Fig. 19(eii) is a filled state STM image of the 
surfiace after annealing of the sample for 1 min at 900 "^C. After this final utifieal itig 
step, the initial clean silicon sur&ce has recovered after desoiption of surface 
phosphorus atom^. 

20 

Fig. 20 shows encapsulation of a phosphorus doped sur&ce- at 260 and 
subsequent annealing. 

Fig, 20(ai) is a schematic and Fig. 20(aii) is a filled state STM image of a clean 
Si(100) 2x1 reconstructed sur£Eu:e. 
26 Fig. 20(bi) is a schematic and Fig, 20(bu) is a fiUed state STM unage of the 

sur&ce after dosing with phosphine at room temperature annealing at 600^C for 60 s to 
incorporate the phosphorus atoms into the Si sur&ce as Si-P heterodimers. The Si-P 
het«*odima- appears as a bri^t zigzag feature along the dimer row. 

Fig. 20(ci) is a schematic and Fig. 20(cii) is a filled state STM image of the 
30 surface after five ML of Si are grown at 260 **C. This occurs in the layer-by-layer 
growth mode. 

Fig. 20(di) is a schematic and Fig. 20(dii), (diii), (div), (dv), (dvi) and (dvii) are 
. filled state STM images of flie sur&ce after it has been annealed for 5 s at tenqieratures 
of 350, 399, 454, 500, 552, and 609 respectively. The Si sur&ce after growth shows 
35 single dimer rows and elongated dimer row islands as well as a low density of bright 
zigzag features in the dimer rows. These zigzag features are identified as Si-P 
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heterodimers. The density of the bright zigzag features increases with increasing 
annealing temperature* Annealing also changes the surface naoiphology similar to 
growth on a clean Si(100) surface and annealing (Fig. 16). After annealing for 5 s at 
454 °C the traace structure reappears, however, even after annealing at 500 small 
5 ' islands are still present on the surface. 

Figs. 19 and 20 show, for the first time the use of STM imaging to measure 
dopant segregation and difEusion direcfly. 

Fig. 21 is a graph showing the density of phosphorus atoms in the Si surface 
after Si epitaxial overgrowth at room ten^ierature (RT) and 260 **C, respectively, and 

10 annealing relative to the initial phosphorus density after phosphine dosing and P 
incorporation. The density of P atoms after growth at 260 and annealing was 
analyzed from the STM images presented in Fig. 20. For every annealing stqp, the P 
atom density in the surface is significantly higher for growth at 260 °C compared to RT 
growth due to P segregation during growth. From tiiis it can be concluded that growth 

15 of silicon at room t^perature and subsequent annealing results in less segregation and 
difiusion of tiie P atoms, to tiie surface compared to. elevated temperature growth and 
annealing. 

Auger electron spectroscopy measurements of the density of phosphorus atoms 
performed after siticon growfli and every annealing step are consistent with the analysis 
20 of the STM images. 

PHOSPHORUS DELTA DOPING 

In order to determine the electrical activation of the phosphorus atoms 
. q>itaxially overgrown by silicon, a phosphorus delta doped layer was grown and made 
25 into a Hall bar device structure; see Fig. 23 (a). The fabrication steps for such a device 
are outlined in Fig 22, 

Fig. 22(ai) is a schematic and Fig. 22(aii) is an STM image wfaidi shows a clean 
(100)2x1 silicon surface. 

Fig. 22(bi) is a schraiatic and Fig. 22(bii) is an STM image and enlargement 
30 which shows the siarface after phosphine saturation dosing at room temperature. 

Fig. 22(ci) is a schematic and Fig. 22(cii) is an STM unage which shows flie 
surface after annealing at 550^C to incorporate tfie phosphorus atoms into the surface as 
P-Si dimers. 

Fig. 22(di) is a schematic and Fig. 22(dii) is an STM image wfaidx shows tiie 
35 surfece after growing 24 nm of epitaxial siUcon at 250°C (the silicon surface after 
growth at room temperature is not shown here). 
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Fig. 23(a) is a schematic and Fig. 23 (b) is an optical microscope photo of the 
resxilting Hall bar device after formation of ohmic contacts. Fig. 23(c) shows the 
normalised sheet resistivity, pJpJO) as a fimction of magnetic field, B at a sample 
. temperature of 4 K for samples grown at either 250^C or room temperature. The 

5 resulting data shows peaks at B=0, characteristic of weak localisation of electrons. 
Removing the weak localisation correction, and calculating flie Hall slope (firom Fig. 
23(c)) aQows ns to estimate the mobility of the 2D layer as 70 rai^V^s'^ for the sample 
. grown at 250^*0 and 30 cm^^s'* for the sample grown at room temp^ture. Fig. 23(c) 
also shows the Hall resistivity for these phosphorus delta doped samples giving a 

1 0 carrier density of 1 .7x1 0''* cm'^ for both samples. This density is in excellent agreement 
with ttie 2D dopant density demonstrating that all of the phosphorus dopants that are 
incorporated into the silicon crystal are electrically active within the measurement error 
for both samples. This is a significant result for tiie febrication of electronic device 
structures since it demonstrates that the phosphorus atoms incorporated using this 

1 5 proc^ will be electrically active at these high doping densities. 

In order to determine the extent of the oonfinem^t of the P atoms within fee 
delta doped layer we have performed secondary ion xnass q>ectiometry (SIMS) 
measurements on our delta doped samples. Fig. 24 shows two mass 31 deptii profiles 

20 of phosphorus 6-doped layers in silicon grown at 250°C and room temperature, 
respectively, determined by SIMS using 5.5 keV Cs*" primary ions in an ATOMKA 
system. The mass 31 signal is related to both ^^SiH and ^^P as the mass discrimination 
of the ATOMIKA system is not sufficient to separate the small mass difference 
between ^^SiH and ^^P. However, by comparing this measurement to a high mass 

26 resolution SIMS measurement using a CAMECA system (insert in Fig, 24) we can 
clearly identify flie peak near the surface as a '^'SiH peak due to adsorbed hydrogen at 
the sur&ce and flie peak at a depth of ^-24 mn as the phosphorus peak in each spectrum. 
This phosphorus peak is located at the interface between silicon ^taxial layer and 
silicon substrate demonstrating a tiiickness of flie epitaxial layer of -24 mn. The slow 

30 decrease of the phosphorus signal towards the substrate is due to a measurement 
artefact, the so-called ion beam mixing. It means that phosphorus atoms in the silicon 
matrix which are hit by the Cs^ primary ions are pusdied fiirdier into the silicon wafer, 
thus broadeaiing the phosphorus peak. The Sail width at half maximum (FWHM) of the 
phosphorus peak increase with primary ion mergy due to the ion beam mixing. For a 

35 primary ion »ergyof5.5keV we find a FWHM of-6nm and 4 nm, respectively, for 
the sample grown at 250^C and room tempOBture, respectively. Taking the ion beam 
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mixing into account the width of the phosphorus 6-doped layer is < 6 nm and < 4 nm, 
respectively, for the sample grown at 25t)°C and room tempaature, respectively. 

REGISTRATION OF ATOMIC-SCALE DEVICES AND ATOMIC-SCALE DEVICE 
5 FABRICATION 

Figs. 25 to 29 are all concerned wifli the fibrication and electrical measurement 
of atomic-scale devices using registration marirars on the siUcon sutfiM» to r^istw 
atomic-scale device to metallic surfece gates needed for electrical measurements. The 
febrication of registration markers which are visible in optical or scanning electron 

10 microscopes is a basic requirement for connecting atomic-scale devic^ to the outside 
world. The registration markers have to survive all processing st^s such as sample 
. heating and silicon growth. 

Fig. 25 is a schonatic illustrating flie atomic-scale device fabrication process. 
The device process starts with the febrication of registration markers which are needed 

15 to identify the exact location of flie atomic-scale device for the formation of ohmic 
metal contacts at tiie final stage of tiie device process. These registration markers can 
have various sizes between a few nm and several to be identified in scanning 
electron microscope (SEM) images or optical microscope images. Registration maikos 
can be fabricated using e.g. focused ion beam (FIB) milling or etdiing of the silicon 

20 surfece. The silicon surfece can be etched using either wet-diemical etching or reactive 
ion etching (RIE) of Utiiographically structured areas which are defined by optical or e- 
beam litiiography (BBL). A set of differenfly sized registration markers can be used 
(see Fig. 26) to more accurately define the position of atomic-scale devices and to make 
sure that registration matkors survive all subsequent processing steps sudi as sanqple 

25 heating and Si ^itaxial gn>w&. 

After fabrication of the r^stration maikra:s the sample is heated to remove 
oxide and oihex contaminants firom tiie sample surface and flie sample surfece is tiien 
terminated witii a monolayer of hydrogen atoms as dwcribed previously. 

Using tiie SEM the STM tip is tiien ^proached to tiie sample surfece wifli 

30 respect to tiie registration markers (see Fig, 26). The following processes of atomic- 
scale littiogi^hy to define tiie desired device structure, phosphine dosing, phosphorus 
uicorporation, removal of the hydrogen r^st layer and encapsulation of flie 
mcorporated P atoms wifli epitaxially grown silicon have been described previously. 
Finally, using flie registration markers and optical litiiography or EBL a metal layer is 

35 deposited on parts of tiie silicon surfece to form ohmic metallic contacts vMch are 
needed for dectrical measurements to flie buried atomic-scale device. 
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Fig, 27(a) to (d) illustrate the fabrication process of a buried 2x2 |im^ 
phosphorus doped 2D device. Fig, 27 (a) is an STM image showing a bright area from 
which hydrogen was desorbed using the STM tip and two dark areas at the top and 
bottom of the image where hydrogm still remains on the surfece. Fig. 27(b) is a 

5 schematic which shows the P doped device area (bright square) and metal finger 
contacts. Fig. 27(c) shows an optical microscope image of the device r^on after 
complete fabrication of the device. Metal finger contacts and registration markers are 
clearly visible. Fig, 27(d) shows a largo: scale optical microscope image of the device 
region including large metal contact areas used for bonding of thin metal wires to the 

1 0 device which are needed for electrical measuremmts. 

Fig. 28(a) shows an STM image of a hydrogen terminated Si(OOl) surface (dark 
area) from which hydrogen was removed to form an approx. 100 nm wide and 1 jam 
long wire with two contact regions on both ends (bright area). Fig. 28(b) is a schematic 
which shows a wire with two contact regions on both ends contacted by metal fingers. 

16 Fig. 29(a) shows the Hall resistance versus the magnetic field of a 2 x 2 |im^ 

phosphorus doped 2D device encapsulated with 2S nm of epitaxially grown silicon 
measured at 4 K sample temperature. The Hall slope corresponds to an electron density 
of 1.9 X lO*** cm'^ which fits well within the measurement error to the expected value of 
1.7 X 10^* cm'^ from the phosphine dosing/phosphorus incorporation process (see also 

20 Figs. 23 and 24). This demonstrates fiill electrical activation of the encapsulated 
phosphoras dopant atoms. Fig. 29(b) shows the sheet resistance versus the magnetic 
field of this sample. The peak of the sheet resistance at zero magnetic field is due to 
weak localisation of the electrons which demonstrates the 2D structure of the device. 

Finally, it is important to note that the fabrication strategy demonstrated here is 

25 also directly applicable to other silicon based quantum computer architectures^. 

It will be appreciated by persons skilled in the art that numerous variations 
and/or modifications may be made to the invention as shown in the specific 
embodiments without departing from the spirit or scope of the invention as broadly 
described. The present embodiments are, therefore, to be considered in all respects as 

30 illustrative and not restrictive. 

DATED this twentieth day of August 2003 

Unisearch Limited 

Patent Attorneys for the Applicant: 
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BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the apphcant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ mAGE CUT OFF AT TOP, BOTTOM OR STOES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□fcOLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

IZl LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



